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Abstract

Human lysozyme has a structure similar to that of hen lysozyme and differs in amino acid sequence by 51 out of 129
residues with one insertion at the position between 47 and 48 in hen lysozyme. The backbone dynamics of free or
~NAG!3-bound human lysozyme has been determined by measurements of15N nuclear relaxation. The relaxation data
were analyzed using the Lipari–Szabo formalism and were compared with those of hen lysozyme, which was already
reported~Mine S et al., 1999,J Mol Biol 286:1547–1565!. In this paper, it was found that the backbone dynamics of
free human and hen lysozymes showed very similar behavior except for some residues, indicating that the difference in
amino acid sequence did not affect the behavior of entire backbone dynamics, but the folded pattern was the major
determinant of the internal motion of lysozymes. On the other hand, it was also found that the number of residues in
~NAG!3-bound human and hen lysozymes showed an increase or decrease in the order parameters at or near active sites
on the binding of~NAG!3, indicating the increase in picosecond to nanosecond. These results suggested that the
immobilization of residues upon binding~NAG!3 resulted in an entropy penalty and that this penalty was compensated
by mobilizing other residues. However, compared with the internal motions between both ligand-bound human and hen
lysozymes, differences in dynamic behavior between them were found at substrate binding sites, reflecting a subtle
difference in the substrate-binding mode or efficiency of activity between them.
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Protein recognition is a critical component of the function of a
majority of biological processes. To explain the efficiency of an
enzyme, the “induced fit” model of binding was considered, which
provides an intuitive picture that reinforces the idea of “freezing
out” multiple possible conformations upon binding. Molecular dy-
namic simulations and NMR relaxation data of barstar~Wong &
Daggett, 1998! supported the conventional idea that certain resi-
dues in apo forms were more flexible than in the ligand-bound
states. However, the increase in motion of a protein upon binding
has been reported by using NMR relaxation in a few proteins,
4-oxalocrotonate tautomerase~Stivers et al., 1996!, hen lysozyme
~Mine et al., 1999a!, and mouse major urinary binding protein I

~Zidek et al., 1999!. Under the circumstances, whether the motion
of protein upon binding increases or decreases is controversial.

Among the methods available for characterizing the protein con-
formational dynamics in solution, only NMR relaxation measure-
ment can provide detailed experimental information on the mobility
of each amino acid residue in the protein. Relaxation data are
analyzed using the Lipari–Szabo formalism~Lipari & Szabo, 1982a,
1982b!, which allows the extraction of the overall correlation time
~tc!, internal correlation time~te!, and generalized order param-
eters~S2! for backbone N–H bond vectors. Proteins have various
types of internal motion that are hierarchically composed on a
different timescale from picosecond to hour. It has been considered
that such internal motions of proteins may be very important for
their biological function as has been shown in enzyme catalysis
and protein–ligand interactions. Therefore, it is necessary to in-
vestigate the relationship between the biological function and the
internal motion of a protein. Proteins with substantial similarity in
their primary structures are almost certain to have arisen from a
common ancestor during evolution, and they have invariably been
found to have very similar folded conformations~Creighton, 1984!.
Therefore, one of the approaches to investigate the relationship
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between biological function and the internal motion of a protein is
to compare the internal motions of enzymes whose tertiary struc-
tures are similar but their efficiencies of activity are different.
Human lysozyme is an enzyme consisting of 130 amino acid res-
idues with four disulfide bonds. Human and hen lysozyme have a
relatively high sequence homology differing by 51 out of 129
amino acid residues and the insertion of a Gly at position 48
~Fig. 1!. In addition, X-ray structures of both lysozymes were
available at high resolution and were very similar~Artymuik &
Blake, 1981; Handoll, 1985!. However, human lysozyme had a
higher activity against a glycol chitin, a lysozyme substrate, than
hen lysozyme~Kuramitsu et al., 1974!. To date, the internal mo-
tions of human lysozyme have not been reported in solution, whereas
those in hen lysozyme in various solution conditions have been
investigated~Buck et al., 1995a, 1995b; Schwalbe et al., 1997!.
Thus, we analyzed the backbone dynamics of free and substrate
analogues,~NAG!3-bound human lysozyme with a15N relaxation
measurement and then compared with those of hen lysozyme to
understand the relationship between the internal motions and struc-
tural similarities.

Results

1H–15N chemical shift assignment

Backbone assignments of free and~NAG!3-bound human lyso-
zyme were carried out by comparing cross-peak resonances from
three-dimensional~3D! NOESY-HSQC NMR spectra by reference
to the published assignments for human lysozyme~Ohkubo et al.,
1991!. As a result, we completed the backbone15N signal assign-
ment, but slight shift deviations were found in some residues by

comparing with previous assignments due to differences in tem-
perature and pH.

The chemical shifts of resonances of ligand-bound human lyso-
zyme showed small changes, and many of their resonances were
broadened as a result of a chemical exchange effect. The residues
that were not detected due to signal broadening were N27, L31,
A32, Q58, N60, Y63, W64, C65, D67, D87, V99, V100, D102,
R107, W109, V110, Q117, and V130. The X-ray crystallographic
studies of human lysozyme and its complex with oligosaccharides
indicated that the active site involves a cleft that built up six
substrate binding subsites denoted as subsites A to F, and~NAG!3

occupied subsites A, B, and C or B, C, and D~Matsushima et al.,
1990!. We confirmed that the NH protons whose signals slightly
shifted and decreased in intensity were located around the active
site cleft, particularly subsites A, B, C, and D. This result is con-
sistent with the results that have been reported previously~Ohkubo
et al., 1991! and indicated that~NAG!3 was in slow exchange on
the chemical shift timescale at this condition.

The internal motion of free human lysozyme
elucidated by15N spin relaxation

The relaxation parameters were measured for 125 out of 130 amide
groups of human lysozyme in the free state~Fig. 2!. The reso-
nances of K1, P71, and P103 could not be detected and reliable
values of relaxation parameters for some residues~W28, V74!
could not be calculated due to severe spectral overlap.

The first task in extracting motional information from relaxation
parameters is to determine the parameters that define the overall
rotational motion of the molecule. The ratio of diffusion tensor is
D50D4 5 1.3 for hen lysozyme, and this indicated that the rota-
tional diffusion is close to isotropic. Indeed, model free analysis of
hen lysozyme was carried out under this assumption~Buck et al.,
1995a; Mine et al., 1999a!, and this may also be applicable to
human lysozyme because human lysozyme has a folded structure
similar to that of hen lysozyme. However, we must pay attention to
use the “model-free” approach because the presence of rotational
diffusion anisotropy could be misidentified as conformational ex-
change~Tjandra et al., 1995, 1996!. It is reported that hen lyso-
zyme has moderate anisotropy~Boyd & Redfield, 1998!, and this
means that slight anisotropic diffusion could be reflected in the
relaxation data. But it is well known that anisotropic tumbling
would hardly influence the values of the overall rotational corre-
lation time, the order parameters, or the internal correlation times
~Tjandra et al., 1995; Gagne et al., 1998; Prompers et al., 1999;
Zidek et al., 1999! because of the insensitivities of the order pa-
rameter to the orientation of the NH bond relative to the long axis
of the diffusion tensor forD50D4' 1.3 ~Zhang et al., 1998!. From
the results of the calculation of theT10T2 ratio ~data not shown!,
significantly large values inT10T2 ratio were not observed for
residues residing in a secondary structure. Thus, we assumed that
the rotation of the molecule was isotropic. However, to avoid
misunderstanding the conformational exchanges, we decided to
discuss only the values of the order parameter.

According to the Lipari–Szabo model-free formalism of the spec-
tral density function~Lipari & Szabo, 1982a, 1982b!, we obtained
the motional parameters from these relaxation data. In this analy-
sis, we applied the five types of model-free spectral density func-
tions that are shown in Table 1 and optimized them by fitting the
functions to the experimental data. The overall rotational corre-
lation time tc of human lysozyme was evaluated to be 4.97 ns

Fig. 1. Alignment of human and hen lysozyme sequences. For hen lyso-
zyme, nonidentical residues are indicated relative to those of human lyso-
zyme. The asterisk~* ! indicates the deleted position in hen lysozyme.
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from theT10T2 values. The obtained motional parameters and the
spectral density models used to fit the data are summarized in
Figure 3 and Table 2A. For most residues in human lysozymes, the
order parameters~S2! were in the range 0.8–1.0, indicating that the
internal motion of human lysozyme was essentially well ordered
except for some residues. In contrast, lower order parameters~be-
low 0.8! were observed for M17~the loop A–B!, N44, Y45~strand
1!, D49~turn 1!, S51, D53~strand 2!, Q58~turn 2!, Y63, G72, A73
~long loop!, S80, Q86~near the termini of 310 ~i!!, C116 ~C-
terminus of helix D!, Q117, R119~loop D-310 ~ii !!, D120, V121
~310 ~ii !!, C128, and V130~C-terminus!. The most flexible region
among those described above was around 310 ~ii ! where the order
parameter was below 0.7.

Fig. 2. ~A! T1, ~B! T2, and~C! heteronuclear NOE of the human lysozyme at pH 3.8 and 358C.

Table 1. Summary of the spectral density function models used
for the optimization of the model-free motional parameters

Model Data used in fitting Optimized parametersa

1 T1, T2 S2

2 T1, T2 S2, Rex

3 T1, T2, NOE S2, te

4 T1, T2, NOE Sf
2, Ss

2, ts

5 T1, T2, NOE S2, te, Rex

aThe optimization was done with our in-house program RxAnly on a
Sun Sparc20 workstation.

Backbone dynamics of human lysozyme 1671



Fig. 3. Extracted model-free parameters of free human lysozyme by parameter optimization with the program RxAnly.A: Generalized
order parametersS2. B: Order parameters of the fast internal motionSf

2. C: Order parameters of the slow internal motionSs
2.

D: Effective correlation timeste. E: Slow internal correlation timests. F: Chemical exchange contributions represented in the
broadened linewidthRex.
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Table 2. Derived order parameter and goodness of fit values for the (A) free and (B) ligand-bound human lysozyme

Residue Model S2 te Rex Sf
2 Ss

2

A. Free human lysozyme

K1
V2 3 0.8096 0.025 7.0456 1.458
F3 1 0.8636 0.026
E4 3 0.9026 0.028 49.5456 22.542
R5 1 0.8556 0.025
C6 3 0.8446 0.025 26.3956 6.562
E7 1 0.8256 0.025
L8 1 0.8966 0.027
A9 3 0.8856 0.026 32.2306 11.278
R10 1 0.8516 0.025
T11 1 0.8606 0.028
L12 1 0.9056 0.027
K13 1 0.9066 0.027
R14 1 0.8776 0.027
L15 1 0.8236 0.025
G16 1 0.8946 0.026
M17 2 0.7626 0.050 0.7086 0.595
D18 1 0.8406 0.027
G19 1 0.8906 0.027
Y20 3 0.8756 0.025 12.5466 3.818
R21 1 0.8716 0.026
G22 1 0.8606 0.025
I23 1 0.8896 0.026
S24 1 0.8346 0.026
L25 1 0.8706 0.027
A26 1 0.8786 0.028
N27 1 0.8666 0.025
W28
M29 3 0.8696 0.026 99.6716 37.720
C30 1 0.9186 0.028
L31 1 0.8996 0.027
A32 1 0.8996 0.028
K33 1 0.9176 0.027
W34 1 0.8826 0.026
E35 1 0.8556 0.027
S36 1 0.8926 0.026
G37 1 0.9406 0.026
Y38 1 0.8706 0.026
N39 1 0.8476 0.026
T40 1 0.8506 0.025
R41 1 0.8846 0.025
A42 1 0.9096 0.026
T43 1 0.8486 0.025
N44 1 0.7746 0.026
Y45 3 0.7996 0.024 15.5336 2.963
N46 1 0.8546 0.026
A47 1 0.8046 0.025
G48 1 0.8346 0.026
D49 2 0.7546 0.046 0.6146 0.568
R50 3 0.8606 0.025 24.6936 6.951
S51 4 0.7486 0.077 2,485.8096 1,447.305 0.8786 0.029 0.8526 0.029
T52 1 0.8056 0.025
D53 2 0.7606 0.046 1.6366 0.584
Y54 1 0.8216 0.026
G55 1 0.8836 0.026
I56 1 0.8786 0.028
F57 1 0.8846 0.025
Q58 4 0.7686 0.123 4,774.8176 3,413.644 0.9266 0.031 0.8296 0.031
I59 1 0.8876 0.027
N60 2 0.8336 0.048 0.7626 0.626

~continued!
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Table 2 (continued!

Residue Model S2 te Rex Sf
2 Ss

2

A. Free human lysozyme (continued)

S61 2 0.9156 0.047 0.6946 0.662
R62 2 0.8986 0.049 0.7776 0.658
Y63 2 0.7936 0.049 1.1196 0.609
W64 1 0.8106 0.024
C65 1 0.8596 0.025
N66 1 0.8946 0.027
D67 1 0.9346 0.026
G68 1 0.8806 0.026
K69 1 0.8586 0.026
T70 1 0.8006 0.027
P71
G72 1 0.7496 0.025
A73 1 0.7996 0.026
V74
N75 1 0.8236 0.026
A76 1 0.8656 0.027
C77 1 0.8926 0.026
H78 1 0.9016 0.027
L79 1 0.8286 0.026
S80 1 0.7946 0.025
C81 2 0.8366 0.046 0.8276 0.612
S82 2 0.8286 0.050 0.7136 0.627
A83 1 0.9446 0.026
L84 1 0.8856 0.026
L85 1 0.8066 0.025
Q86 1 0.7076 0.023
D87 1 0.9176 0.027
N88 1 0.8426 0.025
I89 2 0.8406 0.057 1.6306 0.742
A90 1 0.8966 0.026
D91 1 0.8506 0.026
A92 1 0.8456 0.026
V93 1 0.8576 0.026
A94 1 0.9176 0.028
C95 3 0.8766 0.025 40.4406 12.750
A96 1 0.8786 0.027
K97 1 0.8786 0.026
R98 1 0.8476 0.026
V99 1 0.8586 0.026
V100 1 0.9556 0.026
R101 1 0.8896 0.027
D102 3 0.8306 0.025 18.5406 4.333
P103
Q104 1 0.8166 0.025
G105 1 0.8956 0.026
I106 2 0.8406 0.047 0.8566 0.612
R107 1 0.8616 0.026
A108 1 0.9276 0.028
W109 1 0.8376 0.025
V110 1 0.8476 0.026
A111 1 0.8456 0.027
W112 1 0.8926 0.025
R113 2 0.8486 0.048 0.8686 0.632
N114 1 0.8756 0.025
R115 1 0.8466 0.025
C116 2 0.7896 0.047 1.1716 0.594
Q117 2 0.7596 0.048 1.4696 0.626
N118 2 0.8566 0.047 3.3126 0.789
R119 1 0.7246 0.023
D120 4 0.6816 0.069 1,446.4116 757.491 0.8276 0.032 0.8236 0.032

~continued!
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Table 2 ~continued!

Residue Model S2 te Rex Sf
2 Ss

2

A. Free human lysozyme (continued)

V121 3 0.6746 0.023 34.8406 4.388
R122 1 0.8876 0.026
Q123 1 0.8296 0.025
Y124 1 0.8916 0.025
V125 1 0.8776 0.027
Q126 1 0.8456 0.026
G127 1 0.8166 0.025
C128 1 0.7876 0.024
G129 3 0.8036 0.024 4.5686 0.897
V130 1 0.7566 0.024

B. Ligand-bound human lysozyme

K1
V2 1 0.8086 0.025
F3 1 0.9326 0.026
E4 3 0.8366 0.028 60.3286 17.494
R5 3 0.8026 0.024 52.2836 11.065
C6 3 0.8606 0.026 44.0036 13.616
E7 1 0.8086 0.025
L8 1 0.9076 0.027
A9 4 0.7996 0.074 2,289.7536 1,210.920 0.9336 0.031 0.8566 0.031
R10 1 0.8756 0.026
T11 1 0.8326 0.026
L12 1 0.9006 0.026
K13 1 0.9096 0.026
R14 3 0.9126 0.027 17.6506 11.331
L15 1 0.8396 0.026
G16 1 0.9276 0.026
M17 1 0.8106 0.025
D18 1 0.8456 0.026
G19 1 0.8716 0.027
Y20 1 0.8536 0.025
R21 4 0.7806 0.077 1,567.2726 497.347 1.0196 0.035 0.7656 0.035
G22 1 0.8886 0.026
I23 1 0.8656 0.025
S24 3 0.8206 0.025 10.5296 8.737
L25 1 0.9386 0.029
A26 1 0.8796 0.026
N27
W28
M29 3 0.8996 0.024 34.8536 13.763
C30 1 0.8866 0.026
L31
A32
K33 1 0.9086 0.025
W34 2 0.8266 0.047 1.7626 0.772
E35 1 0.8136 0.026
S36 1 0.8526 0.025
G37 1 0.8906 0.024
Y38 1 0.9026 0.025
N39 1 0.8446 0.025
T40 1 0.9116 0.025
R41 1 0.9076 0.026
A42 1 0.8706 0.026
T43 2 0.7986 0.046 1.4186 0.726
N44 3 0.8416 0.027 33.3096 9.364
Y45 2 0.7886 0.047 1.7356 0.675
N46 2 0.8376 0.047 1.1256 0.677
A47 2 0.6426 0.045 1.2636 0.565
G48 2 0.6846 0.042 1.9256 0.595

~continued!
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Table 2 ~continued!

Residue Model S2 te Rex Sf
2 Ss

2

B. Ligand-bound human lysozyme (continued)

D49 2 0.6966 0.045 1.4416 0.599
R50 1 0.8396 0.026
S51 3 0.8366 0.025 26.2246 7.091
T52 1 0.8116 0.025
D53 1 1.0096 0.030
Y54 4 0.7766 0.073 2,321.1266 1,241.884 0.9136 0.031 0.8516 0.031
G55 2 0.9236 0.055 2.3786 0.878
I56 2 0.8856 0.044 1.7966 0.768
F57 1 0.9996 0.028
Q58
I59 1 0.9826 0.029
N60
S61 2 1.0166 0.055 2.2586 1.153
R62 2 0.9236 0.051 1.9026 0.884
Y63
W64
C65
N66 1 0.9266 0.026
D67
G68 1 0.8176 0.026
K69 1 0.8746 0.026
T70 4 0.7356 0.079 3,067.0796 1,676.007 0.8706 0.030 0.8456 0.030
P71
G72 1 0.7616 0.023
A73 3 0.8346 0.027 21.7616 6.100
V74
N75 4 0.6696 0.061 1,688.1456 680.913 0.8226 0.030 0.8146 0.030
A76 2 1.0686 0.058 2.7656 0.990
C77 2 0.7466 0.044 1.6916 0.621
H78 3 0.8746 0.026 18.3616 7.084
L79 1 0.8496 0.025
S80 1 0.8076 0.026
C81 4 0.8436 0.096 2,671.9136 1,131.085 1.0596 0.036 0.7966 0.036
S82 1 0.9066 0.026
A83 2 0.8226 0.045 1.0016 0.630
L84 2 0.8266 0.046 0.9996 0.638
L85 1 0.8406 0.025
Q86 4 0.6386 0.058 2,231.9336 1,090.626 0.7526 0.027 0.8486 0.027
D87
N88 1 0.8986 0.025
I89 2 0.8206 0.048 0.8926 0.660
A90 1 0.8786 0.026
D91 1 0.8686 0.026
A92 1 0.7986 0.027
V93 2 0.7186 0.043 1.4556 0.608
A94 1 0.8886 0.028
C95 3 0.9096 0.025 85.3776 42.233
A96 3 0.9036 0.026 26.1406 11.511
K97 3 0.8946 0.025 81.0106 33.618
R98 1 0.8336 0.026
V99
V100
R101 1 0.8826 0.025
D102
P103
Q104 2 0.7366 0.046 2.3086 0.716
G105 1 1.1516 0.035
I106 2 0.7926 0.045 1.0086 0.629
R107
A108 2 0.8836 0.048 1.2556 0.753

~continued!
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The internal motion of ligand-bound human
lysozyme elucidated by15N spin relaxation

The relaxation parameters for~NAG!3-bound human lysozyme
were also measured~Fig. 4!. We found that internal motions around
active site regions significantly changed compared with those of
the free state.

After an optimized value fortc of 5.63 ns was obtained, the
model-free analysis was carried out using these relaxation pa-
rameters as described above. However, there were some signals
that could not be analyzed due to extreme line broadening caused
by the substantial conformational exchange for a large subset of
residues. As a result, values of the internal motion parameters
for 104 out of 130 main-chain amide groups were obtained~Fig. 5;
Table 2B!. Many residues were observed to change their internal
motions upon binding of~NAG!3. Significant increases in the
order parameter, reflecting more restricted motion in the ligand-
bound state, were located in strand 2~D53!, turn 2 ~F57!, long
loop ~A76!, loop C–D ~G105!, and 310 ~ii ! ~V125!. On the other
hand, significant decreases in the order parameter, reflecting less
restricted motion upon binding of the ligand, were located in
turn 1 ~A47, G48!, long loop ~N75, C77!, 310 ~i! ~A83!, helix C
~V93!, helix D ~N114!, 310 ~ii ! ~R122!, and the C-terminus
~G129!. The timescale of the interaction between human lyso-
zyme and~NAG!3 may be slower than that of the instrument
employed here. Therefore, these exchange contributions are not
caused by the exchange between free and~NAG!3-bound en-
zyme because a substantial excess of substrate was added so
that the fully complexed enzyme could form.

Discussion

Backbone dynamics of free human lysozyme:
Compared with the internal motions of hen lysozyme

The analysis of the internal motion of hen lysozyme in solution has
already been reported~Buck et al., 1995a!. We also analyzed the
backbone dynamics of hen lysozyme~Mine et al., 1999a!, and our
results were nearly consistent with the previous results. Here, we
compared the internal motions between human and hen lysozyme,
considering the insertion of a Gly residue at position 48 for human
lysozyme relative to the sequence of hen lysozyme~Fig. 6A!. The
results indicated that the order parameters in the backbone, which
reflect a ps-ns timescale of internal motion, were almost the same
in each case. However, some residues were observed to signifi-
cantly differ in mobility. Especially the mobility of the residues
T70, Q86, and Q104 for human lysozyme, which correspond to
T69, S85, and N103 for hen lysozyme, was much more restricted
compared to the mobilities of those of hen lysozyme. It was sug-
gested that some of the determinants of the dynamic behavior may
correlate with neighboring residues in the protein sequence~Buck
et al., 1995a!; therefore, we compared the sequence around these
three residues between human and hen lysozymes~Fig. 1!. Judging
from the comparison of sequence, a significant difference was
found in sequence between Q104 and N103. In hen lysozyme,
N103 lies between G102 and G104, while Q104 lies between P103
and G105 in human lysozyme. It is considered that the presence of
a Gly residue contributes to high flexibility but a Pro residue is
responsible for the reduction in mobility. Indeed, it was reported

Table 2 ~continued!

Residue Model S2 te Rex Sf
2 Ss

2

B. Ligand-bound human lysozyme (continued)

W109
V110
A111 3 0.8516 0.027 39.9646 11.988
W112
R113 1 0.917 0.028
N114 2 0.6486 0.044 1.8706 0.537
R115 3 0.8966 0.025 91.1986 39.429
C116 2 0.8596 0.045 0.6516 0.632
Q117
N118 2 0.8976 0.049 1.7556 0.755
R119 3 0.7376 0.024 15.8596 2.560
D120 4 0.6586 0.065 2,166.2416 811.066 0.8206 0.029 0.8036 0.029
V121 4 0.5876 0.059 1,677.0126 650.932 0.7356 0.030 0.7996 0.030
R122 4 0.7776 0.069 1,060.1346 543.849 0.9436 0.035 0.8246 0.035
Q123 3 0.8086 0.020 131.7456 32.861
Y124 3 0.8816 0.025 21.8426 7.503
V125 1 1.0016 0.027
Q126 3 0.8196 0.025 25.9276 6.003
G127 1 0.7826 0.025
C128 1 0.7886 0.024
G129 4 0.6736 0.065 1,673.5846 510.713 0.8786 0.031 0.7666 0.031
V130
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that the substitution of Pro to Gly at position 103 resulted in the
greater increase of the thermal factor at the mutated site compared
to wild-type one~Herning et al., 1992!. Therefore, this may be the
reason why the backbone dynamics of Q104 in human lysozyme is
more restricted than that of the corresponding residue in hen ly-
sozyme. But we cannot understand the differences of mobilities of
another two residues, T70 and Q86, by comparing the amino acid
sequence.

It was reported that there was a case in which local hydrophobic
packing interactions restricted the backbone dynamics~Eliezer et al.,
1998!. The total hydrophobicity was conserved in both lysozymes
except for subtle differences in the packing of residues in the
hydrophobic core~Hooke et al., 1994!. Therefore, our results in-
dicated that the efficiency of packing of the hydrophobic core had
little effected on the internal motions. On the other hand, a mo-
lecular dynamics and model-free analysis of hen lysozyme sug-
gested a significant relationship between fluctuations and surface

accessibilities~Post et al., 1989; Buck et al., 1995a!. When we also
compared the relations between backbone dynamics and solvent
accessibilities of human and hen lysozyme, those of both lyso-
zymes are very similar as shown in Figure 7. In conclusion, the
difference in the amino acid sequence between human and hen
lysozyme was not the main determinant of dynamic properties, but
the folded pattern of the protein was the most important property
to dominate the internal motions of the protein.

Backbone dynamics of ligand-bound human lysozyme

It has been suggested that residues in the active site are mobile in
the free state and that their motions become more highly restricted
in a ligand-bound state to constrain the substrate to a conformation
that resembles the transition state~Mildvan, 1974!. In the present
case, however, there were many residues whose order parameter
decreased or increased in ligand-bound human lysozyme when we

Fig. 4. ~A! T1, ~B! T2, and~C! heteronuclear NOE of the human lysozyme in the presence of~NAG!3 at pH 3.8 and 358C.
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compared these parameters with those in the unbound state~Fig. 8!.
This was consistent with the phenomena that were observed in the
internal motions of ligand-bound hen lysozyme~Mine et al., 1999a!

and mouse major urinary binding protein I~Zidek et al., 1999!.
Akke et al. ~1993! demonstrated a simple relationship between
contributions to the change in Gibbs free energy and order param-

Fig. 5. Extracted model-free parameters of~NAG!3-bound human lysozyme by parameter optimization with the program RxAnly.
A: Generalized order parametersS2. B: Order parameters of the fast internal motionSf

2. C: Order parameters of the slow internal
motion Ss

2. D: Effective correlation timeste. E: Slow internal correlation timests. F: Chemical exchange contributions represented
in the broadened linewidthRex.
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eters derived from NMR measurement. Using this methodology,
Stivers et al.~1996! found that, upon binding an inhibitor to
4-oxalocrotonate tautomerase, a number of residues showed a sig-
nificant increase in order parameter while the others decreased,
suggesting that the immobilization of a residue upon substrate or
ligand binding resulted in an entropy penalty and the mobilization
of other residues contributed to compensate for this penalty. These
observations were consistent with our results obtained here. More-

over, it was notable that such residues were located not only at or
near the active site regions but at the N-terminal region, which was
far away from the active site~Fig. 8!, indicating that the internal
motion of the enzyme is closely involved in the substrate binding.

However, several differences in the dynamic behavior were clearly
observed between ligand-bound human and hen lysozyme~Fig. 6B!.
As shown in Figure 9, these residues are mostly seen in helix B, C,
strand 2, 3, and loop C–D, which are located at subsites A, B, C,

Fig. 6. Comparison of the generalized order parameters~S2! for ~A! free and~B! ligand-bound lysozyme.S2 for hen lysozyme~closed
circle! ~Mine et al., 1999a! and human lysozyme~open circle!.

Fig. 7. Solvent accessibility of human~closed circle! and hen~open circle! lysozyme.
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Fig. 8. Ribbon representation of human lysozyme showing regions with order parameter changed in the formation of complex with
~NAG!3. Residues with increase and decrease in order parameter are colored blue and yellow, respectively. The residues that could not
be analyzed are colored light blue.

Fig. 9. Ribbon representation of human lysozyme showing regions with order parameter changed in the formation of complex with
substrate analogue between human and hen lysozyme. Residues with increase and decrease in the values of order parameter over 0.2
are colored red.

Backbone dynamics of human lysozyme 1681



and D. It was considered that these differences in dynamic behav-
ior should arise from the differences in substrate binding mode or
efficiency of activity toward glycol chitin between human and hen
lysozyme. Human lysozyme was reported to bind~NAG!3 in sub-
sites A–C or in subsites B–D~Schindler et al., 1977; Matsushima
et al., 1990!, whereas hen lysozyme bound~NAG!3 dominantly in
subsites A–C~Blake et al., 1967; Imoto et al., 1972! ~Fig. 10!. This
resulted from the residue at position 63~corresponding to 62 for
hen lysozyme!, which is Y and W for human and hen lysozyme,
respectively. In hen lysozyme, W62 is proposed to be involved in
apolar interaction with a sugar ring bound to subsite B and hydro-
gen bonding to the hydroxyl oxygen atom of a sugar ring in subsite
C ~Blake et al., 1967; Cheetham et al., 1992!, while in human
lysozyme, Y63 might have reduced nonpolar interactions with the
sugar ring in subsite B and lost hydrogen bonding to a sugar ring
in subsite C, which might slightly change the binding mode of each
subsite for sugar residues. Such situations might result in a differ-
ence in the binding mode between human and hen lysozyme, but
a difference in this residue did not influence the enzymatic prop-
erties vs. the substrate analogue~Muraki et al., 1992!.

It was reported that the structural details of the cleft lobe com-
posed of the residues 100 to 105 was responsible for the turnover
in the reaction of human lysozyme to the substrate~Muraki et al.,
1997!. ComparingS2 values in Figure 5 of the present paper with
those in Figure 9 of our previous paper~Mine et al., 1999a!, it was
clearly found that internal motions in several residues of the res-
idues 100 to 115 in both~NAG!3-bound lysozymes were different
each other. In our previous paper~Mine et al., 1999a!, we also
showed the internal motions of the mutant hen lysozyme that has
a higher activity toward the substrate. In the mutant hen lysozyme,
the internal motions of several residues of the residues from 100 to
115 were also different compared to wild-type hen lysozyme. There-
fore, it was suggested that the difference in internal motion in the
lobe composed of residues 100 to 115 in lysozyme may be in-
volved in the improvement of activity.

We should analyze the internal motion of human lysozyme in
the presence of a longer substrate analogue such as~NAG!6 when
we discuss whether the internal motion was involved in biological
function in vivo. However, since such a substrate is hydrolyzed
during NMR measurement, we may not take advantage of it in this

Fig. 10. The binding modes of~NAG!3 in the active site cleft of~A! hen and~B! human lysozyme. A–F shows the subsites in the active
site of both lysozymes.

1682 S. Mine et al.



experiment. Human lysozyme and the mutant hen lysozyme, which
had a higher activity than hen lysozyme, were reported to have a
larger association rate constant than hen lysozyme in the lysozyme-
immobilized ~NAG!3 binding ~Ueda et al., 1998!, indicating that
the binding of lysozyme to~NAG!3 is related to the biological
function of lysozyme.

Considering the above results, the larger association rate con-
stant may be involved in the difference in internal motion in the
lobe composed of residues 100 to 115 in human lysozyme. Thus,
we suggested that this difference in mobility around the active site
region between human and hen might be the reason for the differ-
ence in efficiency of activity.

In conclusion, the15N relaxation measurements have afforded
detailed characterizations of backbone dynamics in the absence
and presence of a substrate analogue. In the absence of~NAG!3,
the results presented here suggested that the entire dynamic prop-
erties of human and hen lysozyme were dominated by their folded
patterns rather than by the amino acid sequence. In the presence of
~NAG!3, both lysozymes changed in the internal motions around
the active site region to minimize the entropic disadvantage. These
observations indicated a new aspect of enzyme-substrate binding
mode, which is the so-called “induced fit.” However, there were
differences in the dynamic behavior of some regions between hu-
man and hen lysozyme upon~NAG!3 binding. This may depend on
the difference in binding mode in both lysozymes and the internal
motion in the lobe composed of residues 100 to 115. In this study,
by investigating the backbone dynamics between structurally ho-
mologous proteins, we could obtain extremely valuable indication
of the key in the determinant of internal motions. Furthermore,
subtle differences in substrate-binding subsite could be detected by
relaxation analysis, and this may contribute to the recognition of
the events in enzyme-substrate interactions. Anyway, the results
indicate that the internal motion is closely related to the biological
functions of proteins.

Materials and methods

Sample preparation

15N-labeled human lysozyme was obtained from aPichia pastoris
expression system. The procedure of production and purification
of 15N-labeled lysozyme was the same as those described previ-
ously ~Mine et al., 1999b!. Finally, we obtained about 20 mg of
15N-labeled lysozyme from 1 L of culture.

NMR measurements

The NMR sample was prepared to contain 1 mM protein in 90%
H2O010% D2O ~v0v!, and the pH was adjusted to 3.8. For prep-
aration of the lysozyme complex,~NAG!3 was added to the protein
solution to yield a slight excess of substrate relative to the enzyme.
Under this condition, more than 99% complex was formed. NMR
experiments were performed at 358C on a Varian Inova 600 MHz
spectrometer equipped with a triple-resonance, pulse-field gradient
probe with an actively shielded z gradient and a gradient amplifier
unit. The 3D15N-edited NOESY-HSQC~Marion et al., 1989! with
a mixing time of 100 ms were collected with a time domain data
size of 120~t1! 3 30 ~t2! 3 1,024 ~t3! complex points. Pulse
sequences for the measurement of the1H–15N NOE values, and
theT1 andT2 relaxation times have been described previously~Kay
et al., 1989; Kördel et al., 1992!.

The 15N T1 values were determined from a series of1H–15N
correlation spectra with different relaxation durations, 32.94, 92.94,
172.94, 332.94, 652.94, 1,292.94, and 1,812.94 ms, while for the
T2 values, they were determined from the spectra with durations of
4, 42, 82, 122, 202, 282, and 342 ms. A recycle delay of 4.0 s was
used for theT1 relaxation and of 2.4 s for theT2 experiments. The
1H–15N steady-state NOE values were determined from pairs of
spectra, recorded with and without proton saturation. A recycle
delay of 4.0 s was used for each NOE experiment. The spectra
widths of theF1 andF2 dimensions were 3,647 Hz and 9,611 Hz,
respectively. Each collected data set contained 256~t1! 3 1,152
~t2! complex data points.

Analysis of the relaxation parameters

All spectra were processed and analyzed using nmrPipe~Delaglio
et al., 1995! and PIPP~Garrett et al., 1991!. The peak intensities of
each cross peak in a series of 2D data were extracted using nm-
rPipe based on the peak position defined by the contour averaging
algorithm with the program PIPP. A series of extracted intensity
profiles of each cross peak was used for the extraction of theT1 and
T2 relaxation times, using a single exponential model function. The
steady-state1H–15N NOE values were determined from the ratios
of the intensities of the peaks with and without proton saturation.

Model-free analysis

The relaxation data were analyzed using the model-free formalism
of Lipari and Szabo~1982a, 1982b! and the extension of this
method developed by Clore et al. ~1990!, as described Tate et al.
~1998!.
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